Abstract. HER-2 is an important prognostic factor in breast cancer, and its overexpression is observed in 20-60% of cases with micrometastases in the bone marrow. The aim of this study was to explore the potential functional role of HER-2 in primary breast tumors with bone metastases. Forty-eight primary breast tumors with simultaneous or non-simultaneous bone metastases were studied. The expression of hormone receptors, and metastasis and growth factor-related proteins were assessed by immunohistochemical staining. The correlation in statistical significance was assessed by the Chisquare test. Of the 48 breast tumors, 11 (22.9%) were HER-2-positive and 37 were HER-2-negative. There was no significant difference in HER-2 status and clinicopathologic factors between the two groups. Of the 11 HER-2-positive tumors, there were 2 and 3 cases that showed positive nuclear expression for estrogen and progesterone receptors, respectively. No extranuclear expression of HRs was detected in these tumors. For metastasis-related proteins such as c-Met, VEGF, and MTA-1, which are activated by HER-2, only some insignificant focal expression of these proteins was observed. An increased level of pAkt was observed in 9 (81.8%) of 11 tumors, and an increased expression of CXCR4 was observed in 6 (54.5%) of 11 tumors. The frequency of increased levels of pAkt and CXCR4 was not significant between HER-2-positive and -negative tumors. The increased levels of pAkt and CXCR4 are induced by factors that are both dependent and independent of HER-2, and the activation of HER-2/CXCR4/ Akt signaling pathway in primary breast tumors may contribute to the formation of bone metastases in breast cancer.
Introduction
HER-2 is a member of the epidermal growth factor family, which plays an important role in tumor progression and metastasis (1) . The overexpression of HER-2 is observed in 20-30% of primary breast cancers (2) , and is associated with poor prognosis and less responsiveness to endocrine chemotherapy compared to HER-2-negative tumors (3, 4) . Despite the fact that bone metastasis is the most frequent distant metastasis noted in breast cancer, the overexpression of HER-2 is observed in 20-60% of the micrometastases in bone marrow (5, 6) . These findings suggest that the overexpression of HER-2 in primary breast tumors may play a critical role in the formation of bone metastases in which the breast cancer cells overexpressing HER-2 can be selected for the specific clones predisposed by certain genetic changes for bone metastasis.
The overexpression of HER-2 is cross-linked with other growth factor-signaling pathways such as IGF-IR (7), which activates the c-Met signaling pathway (8) that is, in turn, connected with the activation of VEGF (9) . In addition, HER-2 induces metastasis-associated protein 1 (MTA-1), which interacts with the AF-2 domain of estrogen receptors (ERs), resulting in the extranuclear expression of ER by cytoplasmic translocation (10) . Thus, there are several signal transduction pathways involved with HER-2 and other growth factors that may produce the malignant phenotype for bone metastasis.
The other important factor for establishing metastasis in cancer cells is the interaction of chemokine and the chemokine receptor between the primary and metastatic site (11, 12) . Previous reports indicate that the expression of the chemokine receptor, CXCR4, at a primary tumor site plays a critical role in recruiting tumor cells to the metastatic site, which secretes the chemokine, CXCL12 (SDF-1) (11, 12) . In the case of bone marrow, given that a high expression of CXCL12 was observed, the expression of CXCR4 in the primary tumor may be involved in bone metastasis in breast cancer. HER-2 enhanced the expression of CXCR4 in cancer cells, and a significant correlation between HER-2 and CXCR4 expression was observed in human breast tumor tissue (13) . Furthermore, HER-2 stabilizes CXCR4 protein, which is linked to poor prognosis in breast cancer cells (14) . Based on these findings, we studied the expression of several metastasis-related proteins that were triggered by the overexpression of HER-2, and whether there is any predictive marker in primary breast tumors leading to bone metastases.
Patients and methods
Patients. The subjects of this study consisted of 48 primary breast tumors with bone metastasis, including 16 simultaneous and 32 non-simultaneous metastases. The patients were treated at the Department of Surgical Oncology, Research Institute for Radiation Biology and Medicine, Hiroshima University (Hiroshima, Japan) between 1980 and 2001. The clinical stages and pathological characteristics were described according to the general rules for the clinical and pathological recording of breast cancer established by the Japanese Breast Cancer Society (15) .
Immunohistochemical staining and assessment. Immunohistochemical staining for the estrogen receptor (ER), progesterone receptor (PR), and HER-2 was performed according to previously reported methods (16, 17) . All specimens were fixed in 10% formalin, routinely processed, and embedded in paraffin. Tissues were deparaffinized in xylene and rehydrated through 100%, 95% and 90% ethanol. To overcome crosslinking due to formalin fixation, heat treatment with the epitope retrieval solution composed of 50 mmol/l Tris-HCl buffer (pH 10.0) was performed in a water bath at 95˚C for 40 min followed by a 20 min cool-down period at room temperature (RT). The tissue sections were immunostained for ER and PR using an automated staining system (Dako Autostainer; DakoCytomation A/S, Glostrup, Denmark). In brief, all sections were reacted with 0.3% hydrogen peroxide solution containing 15 mmol/l sodium azide for 10 min at room temperature (RT) to block endogenous peroxidase activity, then thoroughly rinsed in washing buffer (50 mmol/l Tris-HCl buffered saline containing a detergent, pH 7.6). The sections were incubated with anti-ER and anti-PR mAbs (clones 1D5 and PR636, respectively; DakoCytomation A/S) at RT for 30 min, then washed three times with the washing buffer. Bound antibodies were detected by 30-min incubation with dextran polymer reagent conjugated with peroxidase and secondary antibody (Dako EnVision+; DakoCytomation A/S). The tissues were then washed three times with washing buffer. Color development was achieved with 3,3'-diaminobenzidine (Dako DAB+ Liquid System; DakoCytomation A/S) for 10 min. The tissues were counterstained with hematoxylin at RT for 2 min. If >10% of tumor cells showed nuclear staining for ER or PR, the specimen was considered positive for that receptor. The staining intensity of ER and PR was graded in four categories: 0, negative; 1+, weak; 2+, moderate; and 3+, strong.
For the assessment of HER-2, the Hercep Test™ (Dako, Kyoto, Japan) was used according to protocol described in the manufacturer's guide. Briefly, after deparaffinizing with xylene and ethanol, the sections were incubated in a water bath for 40 min at 95˚C in a 10 mmol/l citrate buffer (pH 6.0). The slides were incubated with the prediluted primary rabbit polyclonal antibody supplied in the kit for 30 min. The immunoreaction was visualized by incubating slides with the Dako visualization reagent (Dako A/S) (dextran polymer conjugated with horseradish peroxidase and goat-antirabbit immunoglobulin) for 30 min at RT. 3,3'-diaminobenzidine tetrahydrochloride was used as the chromogen. Negative controls consisted of substituting normal rabbit serum for the primary antibody. Assessment of the Hercep test was performed according to the following criteria: 0, no staining, or membrane staining in <10% of the tumor cells; 1+, faint/barely perceptible membrane staining in >10% of tumor cells; 2+ and 3+, weak to moderate staining or strong staining of the entire membrane in >10% of the tumor cells.
Only 2+ and 3+ scores were assessed as the overexpression of HER-2.
For the assessment of c-Met, VEGF, MTA-1, Akt, and pAkt expression, the tissues were deparaffinized and then immunohistochemically stained according to the manufacturers' protocols (Santa Cruz Biotechnology, Inc., CA; Abcam, Cambridge, UK). The slides were incubated with primary antibody for c-Met (Met, rabbit polyclonal IgG; Santa Cruz), VEGF (VEGF, mouse monoclonal IgG2a; Santa Cruz), MTA-1 (MTA1, mouse monoclonal IgG; Santa Cruz), Akt (Akt1/2, Table I . Patient characteristics.
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goat polyclonal IgG; Santa Cruz), and pAkt [p-Akt1/2/3 (Thr 308), rabbit polyclonal; Santa Cruz]. In the case of CXCR4, the primary antibody (CXCR4, rabbit polyclonal IgG; Abcam) was used. Slides were incubated with the dextran polymer reagent conjugated with peroxidase and secondary antibody, and color development was achieved with 3,3'-diaminobenzidine. The staining was graded as: 0, negative; 1+, weak; 2+, moderate; and 3+, strong.
Levels of ER and PR by ELISA.
Some of the breast cancer tissues were also subjected to ELISA (enzyme-linked immunosorbent assay; SRL, Tokyo, Japan) to measure the levels of ER and PR, which were compared to results obtained by immunohistochemical analysis.
Statistical analysis. Statistical assessment was performed with the Chi-square test. A p-value <0.05 was considered significant.
Results

Overexpression of HER-2 in primary breast cancers with bone metastasis.
Since micrometastasis in bone marrow was observed in 20-30% of breast cancers, a high frequency of HER-2 overexpression was expected in metastatic breast tumors. Unexpectedly, the frequency of HER-2 overexpression was observed in 11 (22.9%) of 48 breast tumors with bone metastases that included 16 simultaneous and 32 nonsimultaneous metastases. This was similar to the general frequency of HER-2 overexpression in breast cancer. In addition, there was no significant difference in clinicopathological factors between HER-2-positive and HER-2-negative tumors (Table I) . Typical expression levels for the assessment of HER-2 are presented in Fig. 1 . 
Expression of hormone receptors in HER-2-overexpressing breast cancer.
To explore the characteristics of patients in which HER-2 overexpression was detected in metastatic breast tumors, the expression of hormone receptors (HRs) such as ER and PR was assessed by immunohistochemical staining (IHC) and ELISA. Although some focal expression of ER and PR was observed among the 11 tumors, the positive expression of ER and PR was observed only in 2 (18.1%) and 3 (27.2%) cases, respectively (Table II) . Although the reason for the positive results of ELISA not being detected by IHC is unclear, it is likely that the assessment of HR expression is more sensitive in ELISA. The low frequency in the positive expression of HRs in these HER-2-overexpressing breast tumors is consistent with a previous report (18) . It is noteworthy that any extranuclear expression of HRs was not detected in these tumors, suggesting that the extranuclear expression of HRs triggered by HER-2 is rare in breast cancer with bone metastasis.
Expression of metastasis-related proteins in breast cancer with bone metastasis. It is known that several metastasisrelated proteins, such as c-Met, VEGF, MTA-1, Akt, and CXCR4, are induced by the overexpression of HER-2. Therefore, to explore the metastatic phenotype in bone metastasis triggered by HER-2, the expression of these proteins was assessed in each of the 11 breast tumors in which HER-2 was overexpressed. Although some focal expression of c-Met, VEGF, and MTA-1 was observed, significant positive expression was not. Similarly, Akt expression was not observed in these tumors. In contrast, the level of pAkt was increased in 9 (81.8%) of 11 tumors. Furthermore, the increased expression of CXCR4 was observed in the cytoplasm in 6 (54.5%) of 11 tumors (Table III) . Typical increased levels of pAkt and CXCR4 are presented in Figs. 2 and 3. To assess whether the increased levels of pAkt and CXCR4 were specific for HER-2-positive breast tumors with bone metastasis, the randomly selected 11 cases with HER-2-negative tumors were analyzed for the expression of pAkt and CXCR4. An increased level of pAkt was observed in 9 (81.8%) of 11 tumors, and increased expression of CXCR4 was observed in 7 (63.6%) of 11 tumors (Table IV) . There was no significant difference in the frequency of positivity of pAkt and CXCR4 between HER-2-positive and HER-2-negative tumors, suggesting that the levels of pAkt and CXCR4 were increased by factors that are both dependent and independent of HER-2 in breast tumors with bone metastasis.
ONCOLOGY REPORTS 15: 1477 REPORTS 15: -1484 REPORTS 15: , 2006 Table III. Expression of c-Met, VEGF, MTA-1, Akt, pAkt, and CXCR4 in HER-2-overexpressing breast cancer in patients with bone metastasis.
-----------------------------------------------------------------------------------------------------Factor ------------------------------------------------------------------------------------Patient no.
HER-2 c-Met
(C) -----------------------------------------------------------------------------------------------------
N, nucleus; C, cytoplasm; DCIS, ductal carcinoma in situ; MTA-1, metastasis-associated protein-1.
- --------------------------------------------------------------------------------------------------- Table II . Expression of hormone receptors in HER-2-overexpressing breast cancer in patients with bone metastasis.
ER, estrogen receptor; PR, progesterone receptor; IHC, immunohistochemical staining; ELISA, enzyme-linked immunosorbent assay; ND, not done.
-------------------------------------------------
Discussion
In the present study, we explored how the overexpression of HER-2 can affect the formation of bone metastasis in primary breast cancer. The role of several metastasis-related proteins such as c-Met, VEGF, and MTA-1, which are triggered by the overexpression of HER-2, was examined (Fig. 4) . Although these proteins were detected, their levels of expression in HER-2 positive tumors were not considered significant. The extranuclear expression of ER and PR was also not observed. The potential relationship between HER-2 and these proteins is rare in clinical cases of breast cancer with bone metastases, even though these connections were observed in HER-2-overexpressing breast cancer cells without bone metastasis (7) (8) (9) 19) . In contrast, the increased levels of pAkt and CXCR4 were observed not only in HER-2-positive tumors, but also in HER-2-negative tumors. These findings suggest that the levels of pAkt and CXCR4 were increased by factors that are both dependent and independent of HER-2 in breast cancer with bone metastasis. In a recent study, cytoplasmic expression of CXCR4 in breast cancer was associated with parameters of tumor aggressivity (tumor grade and lymph node status) and had prognostic value with respect to disease-specific survival. CXCR4 positivity in the cytoplasm, but not the nucleus, was associated with HER-2 expression and amplification, as well as with hormone receptor negativity (20) . It is conceivable that the increased levels of pAkt and CXCR4 mediated by HER-2 might be involved in the formation of bone metastases. Although factors other than HER-2 for activating pAkt and CXCR4 may be responsible in the formation of bone metastasis, the overexpression of HER-2 may play a critical role in disseminating breast cancer cells from the primary tumor site to the bone marrow.
The interaction between HER-2 and Akt in tumor growth has been suggested in experimental and clinical studies (21, 22) . Despite the fact that the overexpression of HER-2 activates Akt, Akt can also be activated independently of HER-2. It is reasonable that the increased level of pAkt is not restricted by the induction of HER-2. Assuming that Akt has multifunctional roles in cell survival and tumor proliferation (23), a specific targeted protein and the substrate of Akt were not found in this study. Presumably, certain downstream proteins activated by the HER-2/Akt signaling pathway might be involved in the differentiation of certain breast cancer cells to disseminate to the bone marrow. In fact, activation of the HER-2/Akt signaling pathway is required for activation of several cytokines such as IL-6 (24) and growth factors such as VEGF and bFGF (25) in tumor angiogenesis and metastasis. Furthermore, the HER-2/Akt signaling pathway activates COX-2, which produces prostaglandin E2 (PGE2), which in turn stimulates osteoclast-mediated bone resorption. This effect is abrogated by zoledronic acid because it inhibits the chemotactic effect induced by stromal cell-derived factor 1 (SDF-1), a chemokine greatly involved in breast cancer metastasis to bone (26) . The functional significance of the interaction between chemokine receptor CXCR4 and chemokine CXCL12 in promoting metastatic lesions was reported in breast and prostate cancers (27, 28) . The secretion of CXCL12 in metastatic organs such as lung and bone is a critical factor for recruiting CXCR4-expressing tumor cells to metastatic sites. Since there was no significant difference in the increased expression of CXCR4 in HER-2-positive and -negative tumors, it is likely that the expression of CXCR4 is induced by mechanisms that are both HER-2-dependent and -independent in bone metastasis and that HER-2-induced CXCR4 expression is involved in disseminating breast cancer cells to bone marrow.
In a study germane to our interest on micrometastasis of breast cancer cells in the bone marrow, high CXCR4 cytoplasmic expression was found in 7 of 18 patients (39%), while 6 of 18 patients (33%) were found to have cytokeratin (CK) positivity in the bone marrow. The presence of CKpositive cells in the bone marrow was found to be associated with increased expression of CXCR4 alone and with HER-2 expression in primary tumors (29) . High CXCR4 expression in breast cancer may be a potential marker for predicting isolated tumor cells in the bone marrow. CXCR4 coexpression together with HER-2 might further predict a particular subset of patients with high CK positivity in the bone marrow. These findings indicate that the clonal selection for dissemination to the bone marrow might be mediated in part by the increased expression of CXCR and HER-2 during tumor progression.
In another study on the relationship between HER-2 and CXCR4, in which the transactivation of HER-2 by G proteincoupled receptor activation was reported as a ligandindependent mechanism of activating tyrosine kinase receptors, SDF-1 transactivated HER-2 in the MDA-MB-361 and SKBR3 breast cancer cell lines, which both expressed CXCR4 and HER-2 (30) . Furthermore, the study indicated that treatment of adenoid cystic carcinomas with CXCL12 resulted in the activation of Akt and ERK1/2 pathways (31), suggesting that Akt plays a crucial role in the activation of the HER-2/CXCR4 signaling pathway for tumor progression and metastasis. In addition, a preclinical study reported that the introduction of HER-2 into MCF-7 breast cancer cells produced osteoblastic bone metastasis in nude mice (32) . Thus, the HER-2/CXCR4/ Akt signaling pathway may play a critical role in determining the metastatic destination of breast tumor cells to bone marrow. Table IV . Expression of Akt, pAkt, and CXCR4 in HER-2-negative breast cancer patients with bone metastasis.
C, cytoplasm; N, nucleus; DCIS, ductal carcinoma in situ; MTA-1, metastasis-associated protein-1.
The mechanism by which HER-2/Akt or HER-2/CXCR4 signaling pathways in breast cancer cells produce organspecific metastasis, such as in the bone marrow, remains to be determined. It is unlikely that the interaction of CXCR4 in the primary site and CXCL12 (SDF-1) in the metastatic site is solely responsible for metastatic dissemination to the bone marrow. Rather, additional factors interacting with bone marrow stromal cells in the microenvironment may be involved in the formation of bone metastasis. The mechanisms by which breast cancer cells form metastatic lesions in the bone marrow have been extensively studied. With respect to the interaction of cancer cells with stromal cells in the bone marrow, several growth factors such as TGF-ß, IGF-I (33), VEGF (34) , and IL-6 (35) are produced in bone marrow stromal cells, activating the parathyroid hormone-releasing peptide (PTHrP) (27) . This results in the activation of osteoclasts or osteoblasts that produce osteolytic or osteoblastic lesions in the bone (36) . The activated osteoclasts release growth factors such as IGFs and PDGFs that activate tumor progression, which is termed the 'vicious cycle' between cancer and stromal cells in the bone marrow microenvironment (36, 37) . These growth factors facilitate the production of metastatic lesions by breast cancer cells in the bone marrow. Further studies will be needed to elucidate the contribution of other factors and their mechanistic connections with the HER-2/CXCR4/Akt signaling pathway in bone metastasis of breast cancer cells.
Finally, the activation of Akt and CXCR4 via factors that are both dependent and independent of HER-2 may play a critical role in disseminating breast cancer cells from the primary tumor to bone marrow. Given that the overexpression of HER-2 is an important factor for activating the HER-2/ CXCR4/Akt signaling pathway, targeting therapy for HER-2 by trastuzumab is beneficial for inhibiting the distant metastasis of breast cancer cells, such as to the bone marrow, as discussed in previous reports.
